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Abstract
The megavoltage X-ray technology is utilized for detecting nuclear materials in cargo containers. An interlaced response is obtained
by switching between 6MeV and 9 MeV beams. By measuring the penetration levels of cargo contents, the major materials
representing the threat group and some non-commercial materials can be visualize via an stationary wavelet algorithm. The
experiments have been performed with Linatron K9 designed by Varian Security and Inspection Products.
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1. Introduction
Fissile materials used in nuclear weapons and radioactive materials that can be used in a “dirty bomb” can be
smuggled in by terrorists in cargo containers passing the national border. Radioactive materials, when they are heavy
shielded may not be detected by radiation monitoring portals. The time to physically open each container, extract and
check the contents is prohibitively long. Advanced dual-energy X-ray cargo inspection systems can play a crucial role
in ensuring national security by providing the real-time inspection of cargo at the customs. The threat materials which
are not conventional materials for commercial cargo are characterized by high atomic numbers, Z. Normally, cargo
contents do not exceed iron or copper in atomic numbers (Z = 26 or 29). Thus, the system has to detect materials of
high atomic numbers, such as for example Th90, U92, Pu94, Pb82 1.
It is known that the ratio of penetration levels of cargo contents taken at nominal and dual energies provides the
information about atomic numbers of materials, and thus can indicate the target group 2 as it follows from Equation 1,
where
R (E1, E2, t, Z) =
ln (E1, t, Z)
ln (E2, t, Z)
=
μ¯e f f (E1, t, Z)
μ¯e f f (E2, t, Z)
(1)
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Fig. 1. Mean Ratio plot per material with and w/o shields Structure of Linac-K9.
where t is a mass thickness; Z-an atomic number, is an absorption coeﬃcient for a Bremsstrahlung beam with
boundary energy Ee; and E1 and E2 - are nominal and dual energy levels. R is constant and it uniquely characterizes
the irradiated material.
The identiﬁcation however is not straightforward if combinations of materials are present3,4. It is imperative to
know what are the extents and the limits of the currently employed technology to design the real-time inspection
system with a minimal human involvement and the robust computer assistance. For detecting threat objects both the
atomic number of the material and the object shape are important; threat containers are considered to be axi-symmetric
objects. Therefore in this paper we evaluate visualization of the contents. The paper is organized as follows; the second
section provides a description of the experimental setup and data analysis. In Section 3 we outline the Wavelet domain
visualization technique, and we present the results. In the last section we draw conclusions.
2. Data Analysis and Processing
For the known position of an object /material, image regions have been cropped and the mean ratio has been
calculated. The mean values per material type are obtained across available thicknesses and patch sizes. Results are
presented in Fig.1. Theoretically, some, but not perfect diﬀerentiation can be attained for a singled material. From
the ﬁgure, the ratio above 1 would be a perfect value for clear identiﬁcation of DU and W objects, but not in the
presence of shields. Most confusing shield /thicknesses for DU are of 1-8 inches of steel because a variety of objects
in combination can produce identical values. The look-up procedure for such shields would lead to misidentiﬁcation
across the groups of atomic numbers. Thresholds introduce false positives and also decreases true positive rates. So it
can be concluded that the eﬃciency of the ratio analysis is limited, but it has to be performed at ﬁrst for identiﬁcation
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Fig. 2. First row: 9MeV image,Top view of the structure,oval DU object; Second row: Ratio image, Pseudocoloring of Ratio image, Segmentation
of 9MeV image using fuzzy k-means (FCM) (k=8).
of suspicious spots. Under the assumption that certain thicknesses of plastic and wood, and materials such as W and
Pb are not conventional for goods destined for cargo transportation one can use the ratio as one of the classiﬁcation
features. Fig.1 is obtained based on the prior knowledge of position and the type of the material of objects. Otherwise,
the mean ratio value analysis cannot be carried out. Instead, maximum values can be utilized.
For an operator, data representation in a most convenient way for material discrimination way is crucial. The visual
analysis of intensity (9 MeV) can be diﬃcult to carry out for high absorption areas. For example, Fig.2a) is a 9MeV
intensity image of the experimental setup in Fig.2b (Top: left: DU cubes 200cc and 400cc; Middle: DU cubes 75cc,
100cc and 150cc; Right: W cubes of 75cc, 100cc and 150cc; bottom: a cupboard box with an oval DU shown in
Fig.2c). The shield thickness is 15 inches of steel. The ratio image and a pseudo-colour version with a Red/Orange
palette for high ratio values for suspicious spots yield Fig.2d and 2e.
Object identiﬁcation a very ﬁrst step for the mean ratio analysis and the shape identiﬁcation; it is imperative to
automatically segment images. We use fuzzy k-means (FCM) 5 applied on the high energy intensity image. The
number of classes is selected manually based on Z ranging. Almost a perfect result is obtained for 8 inches of the steel
shield for the same experimental setup as in Fig.2b. and Fig.2c. Fig.2f demonstrates the result. However, for thicker
shields segmentation fails to produce objects suﬃcient for the mean ratio analysis.
3. New visualizationmethod based on processing High and Low energy images with stationary wavelet (HLSW)
In a decimated discrete wavelet transform (DWT) after high and low pass ﬁltering, coeﬃcients are down sampled.
Although this prevents redundancy and allows for using a same pair of ﬁlters in diﬀerent scales, this decimated
transform lacks shift invariance. Thus, small shifts in the input signal can cause major variations in the distribution
of energy of coeﬃcients at diﬀerent scales. Even with periodic signal extension, the DWT of a translated version of a
signal is not, in general, the translated version of the DWT of X. To restore the translation invariance one can average
a slightly diﬀerent DWT, called ε-decimated DWT, to deﬁne SWT 6. SWT can be obtained by convolving the signal
with the appropriate ﬁlters as in the DWT case but without down-sampling. The two-dimensional SWT leads to a
decomposition of approximation coeﬃcients at scale j to four components: the approximation at scale j+1, and the
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details in three orientations, i.e., horizontal, vertical, and diagonal. Considering the multi-sampling ﬁlter banks, SWT
decomposition is as below:
Aj,k1,k2 =
∑
n1
∑
n2
h↑2
j
0 (n1 − 2k1) h↑2
j
0 (n2 − 2k2) Aj−1,n1,n2
D1j,k1,k2 =
∑
n1
∑
n2
h↑2
j
0 (n1 − 2k1) h↑2
j
1 (n2 − 2k2) Aj−1,n1,n2
D2j,k1,k2 =
∑
n1
∑
n2
h↑2
j
1 (n1 − 2k1) h↑2
j
0 (n2 − 2k2) Aj−1,n1,n2
D3j,k1,k2 =
∑
n1
∑
n2
h↑2
j
1 (n1 − 2k1) h↑2
j
1 (n2 − 2k2) Aj−1,n1,n2
(2)
where h↑2
j
0 , h
↑2 j
1 denote the (2
j-1) zero padding. The inverse transform of SWT follows Eq.4.
Aj−1,n1,n2 =
1
4
3∑
i=0
{
∑
k1
∑
k2
l0 (n1 − 2k1 − i) l0 (n2 − 2k2 − i) Aj,k1,k2
+
∑
k1
∑
k2
l0 (n1 − 2k1 − i) l1 (n2 − 2k2 − i)D1j,k1,k2
+
∑
k1
∑
k2
l1 (n1 − 2k1 − i) l0 (n2 − 2k2 − i)D2j,k1,k2
+
∑
k1
∑
k2
l1 (n1 − 2k1 − i) l1 (n2 − 2k2 − i)D3j,k1,k2 }
(3)
where A and D are approximation and detail coeﬃcients, respectively; l0 and l1 are low-pass and high-pass ﬁlters,
respectively
From (2) and (3), we can verify that SWT includes redundant information and has the shift-invariance suitable for
structure analyses.
The method performs according to the following steps:
• Step1: Wavelet Decomposition- Perform single level stationary wavelet transform on Low and High energy
images respectively. To obtain a high quality image, wavelet basis function db4 and scale 1 are appropriate.
• Step2:Coeﬃcients Enhancement- This technique is a basic and straight forward. Fusion could be achieved by
simple averaging of corresponding pixels in approximation of Low and High energy images and then averaging
detail images of Low and High energy images obtained in step 1.
• Step3:Wavelet Reconstruction- The enhanced image is obtained by applying inverse stationary wavelet trans-
form using the approximation and detail images obtained in step 2.
• Step4: Ratio- The ratio of High energy to inverse stationary wavelet transform is obtained
In Fig.3 we show the results with Fuzzy k-means clustering 5 results. The penetration ability is to only 10 inches of
steel and Fig.4 we show the results of proposed method. The penetration ability is extended upto 14 inches of steel.
4. Conclusion
In this paper, we introduced a new wavelet domain visualization scheme that can be used in dual-energy x-ray
for visualizing the cargo container materials. Segmentation using FCM method yields good results only for up to 10
inches of steel shields. To facilitate the higher visualization, the HLSW algorithm is proposed. The algorithm is able
to detect nuclear and non-commercial materials and thicknesses. Overall, the system is capable to visualize through
14 inches of steel.
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Fig. 3. Results obtained using Fuzzy k-means clustering: First row: 0, 1, 2 and 3 inches of steel; Second Row: 4, 5, 6 and 7 inches of steel; Third
Row: 8, 9, 10 and 11 inches of steel; Fourth Row: 12, 13, 14 and 15 inches of steel.
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Fig. 4. Results obtained using HLSW: First row: 0, 1, 2 and 3 inches of steel; Second Row: 4, 5, 6 and 7 inches of steel; Third Row: 8, 9, 10 and
11 inches of steel; Fourth Row: 12, 13, 14 and 15 inches of steel
